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A B S T R A C T
Hydrogen sulfide is known to be toxic to rice seed- 
lings in concentrations as low as 2.2 X 10 M. Lowland 
rice is grown in water - submersed paddies where soluble 
sulfides are copiously produced by the metabolic activi­
ties of anaerobic microorganisms, principally Desulfovib- 
rio spp.
A reduced, aqueous iron-sulfur system was proposed a= 
a model of the paddy soils of Louisiana and the equilib­
rium between hydrogen sulfide and precipitated sulfides in 
this model system was described on the basis of available 
thermodynamic data. A multiparameter diagram which per­
mits the continuous mutual variation of the components of 
the model system was constructed. On the basis of these 
physico-chemical considerations, it was predicted that mar­
ginally toxic conditions of hydrogen sulfide could exist 
in equilibrium with non-toxic, precipitated sulfides under 
conditions prevalent in Louisiana rice paddies.
The detoxification of hydrogen sulfide by a biologi­
cal system in the paddy was postulated. B e g g i a t o a . a 
flexibacterium which is capable of oxidizing hydrogen sul­
vi
fide to sulfur intracellularly, was isolated from paddy soil 
in the Crowley, Louisiana area and its physiological char­
acteristics verified. This bacterium is autointoxicated 
by hydrogen peroxide and requires that this compound be 
decomposed externally for optimum growth.
The exudation of catalase (EC 1.11.1.6) by rice roots 
was demonstrated in greenhouse, growth chamber, and gnoto- 
biotic nutrient solution studies. Beggiatoa was found to 
grow well in culture with gnotobiotically-germinated rice, 
whereas it failed to survive in a parallel, control system 
without rice. ThuB, an ecosystem was elucidated compris­
ing anaerobic, hydrogen sulfide-forming organisms, hydrogen 
sulfide-sensitive rice, and an organism which detoxifies 
hydrogen sulfide while requiring a specific rice root exud­
ate (catalase).
The simplicity of this ecosystem, which has been dis­
covered in rice paddies, suggests that it may be important 
in promoting the health of aquatic plants in other habitats 
characterized by low levels of soluble sulfides such as 
swamps, marshes, and estuaries.
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I N T R O D U C T I O N  
The soil is a highly complex system of minerals, 
living organisms exuding metabolites, and dead organisms 
releasing decomposition products. Flooding the soil with 
water prevents soil-air contact whereupon aerobic organ­
isms rapidly deplete oxygen and lower the soil redox poten­
tial in metabolizing organic matter. This allows the 
accession of anaerobes and promotes changes in the chemical 
composition of the soil (55).
The root system of rice (Oryza sativa L.) requires 
oxygen for respiration and active uptake of soil nutrients, 
as do upland crops, but this is relatively unavailable 
from the deoxygenated soil. Rice has the ability, in com­
mon with other aquatic plants, to supply its root system 
with oxygen transported from the above-water parts through 
aerenchyma which continues to the root tips. The culti­
vation of lowland rice cannot be comprehended on the basis 
of knowledge accumulated from upland crops and aerobic 
soils? it is subject, particularly, to environmentally- 
induced disorders peculiar to the deoxygenated, reducing 
conditions of the paddy (46).
1
Sturgis (70) was one of the earliest workers to in­
vestigate toxic conditions of rice and elucidated some 
important aspects of these disorders before Japanese work­
ers began to make significant contributions. His studies 
were principally concerned with the effects of organic 
matter, soil physical condition, and aeration on pH, Eh, 
and yield on Sharkey and Crowley soils of the Louisiana- 
Mississippi area. Patrick and coworkers (18,52) have fol­
lowed similar lines of research in relation to specific 
ionic transformations in the soil.
Mitsui (46) and other Japanese workers have intens­
ively studied the influence of various chemical species 
present in reduced soils on uptake of inorganic nutrients 
by the rice root. Thus, they have implicated hydrogen 
sulfide and ferrous iron in "akiochi" disease (translated: 
"autumn decline") and similar disorders on degraded paddy 
soils. Takijima (73) has also studied soil-plant relat­
ions and has proposed that organic acids may retard the 
physiological activities of rice roots making them more 
susceptible to injury by Fe++ and Rodriguez-Kabana
(61) has identified organic acids produced in Louisiana
-4paddies and Hollis (34) has detected up to 10 ppm (2 X 10 
M) H^S in soil samples taken from rice paddies.
3
Ponnamperuma (55) has presented theoretical studies 
bused on thermodynamic data of ionic equilibria presumed 
to be active in the paddy and has correlated these with 
soil chemical analyses demonstrating that the soil is 
amenable to a thermodynamic treatment. Bloomfield (7) , 
Bromfield (9), and Starkey (66) have emphasized the con­
tribution of soil microflora to chemical transformations 
in submerged soils.
Relations of enzyme-like activity to soil transform­
ations have been studied by many investigators (65), but 
the rice paddy is not prominent in this literature. Such 
activity is likely to be greatest in the rhizosphere of 
plants (27).
In this study, the aqueous iron-sulfur system preval­
ent in rice fields was theoretically treated in a manner 
similar to that of Ponnamperuma (55). This technique is 
the only one thusfar presented which has demonstrated capa­
bility as a predictive tool. The compound FeS^, which is 
heretofore unmentioned in the rice literature, but included 
in the present study, is thermodynamically predicted to 
occur at a higher Eh than FeS (53) which, classically, has 
been of principal interest.
Since it is known that catalase is present in rice
4
root tiKsue (44), this enzyme could be exuded into the rice 
rhizosphere and render biochemical assistance to catalase- 
deficient microorganisms. The rice rhizosphere was studied 
to determine the possible presence of such catalase-1ike 
activity and of the bacterium Beggiatoa which is known to 
require an external supply of catalase for prevention of 
autointoxication by hydrogen peroxide which it produces 
(10). Since Beggiatoa is able to oxidize H^S to S° (41), 
the discovery of a sulfide-Begqiatoa interaction in the 
rice rhizosphere would help to explain the ability of rice 
to exist in an environment containing soluble sulfides.
Establishment of the fact that toxic levels of sol­
uble sulfides can, indeed, exist in the rice rhizosphere 
is a portion of the multifaceted picture of rice soil bio­
chemistry and microbiology being resolved under the res­
tricted description: rice toxicant diseases (3,32,33,34,
53). Additional descriptive terms include hydrogen sulfid^ 
oxygen, catalase, soluble sulfide-insoluble sulfide equil­
ibrium, hydrogen peroxide, and Beggiatoa. The author will, 
in this dissertation, originate and show the origin of 
knowledge about the rice rhizosphere suggested by these 
terms. A new picture will emerge which will merit dis­
cussion with reference to all anaerobic environments char­
5
acterized by low levels of soluble sulfides. It is also 
the purpose of this dissertation to achieve a sharp focus 
on selected aspects of the water-submersed environment 
which may be eventually compared with other data by com­
puter analysis, or other techniques, to more fully charac 
terize the dynamic processes prevailing in such environ­
ments .
L I T E R A T U R E  R E V I E W  
Reduction in Submerged Soils. Flooding the soil w j th
water, as is practiced in rice culture, immediately cuts 
off the supply of air. Oxygen can then reach the soil 
only by molecular diffusion in almost static water held 
in the soil pores (55). The rate of oxygen diffusion into 
still water has been calculated by Grote (29) and is in­
significant (Table 1).
Table 1. Oxygen concentrations at different depths in 
still water and the time taken to attain them.
Depth (cm.) 0 2 (ppm) Time Elapsed
0.0 12.6 0
3.1 12.2 30 days
6.7 11.4 30 days
10,000 11.4 638 years
Aerobic soil microorganisms rapidly deplete the oxy-
gen dissolved in the initial flood-water (55). The oxy-
gen concentration of rice field flood-water is decreased 
to one one-hundredth of its initial value within 7 5 min. 
after application (22) and no oxygen can be detected in
6
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tho soil one day after flooding (71). Oxygen, which is 
required by the rice root for nutrient uptake, diffuses 
from the aerial parts of the plant down through aerenchyma 
continuous with the roots (1,5,28,37,75,76). Some of this 
gaseous oxygen is exuded at the root tip (4,32,54,55,75,
76) and might be expected to create a gradient radiating 
from the root with a maximum concentration at the rhizo- 
plane. Facultative and microaerophilic organisms might, 
therefore, be expected to inhabit the surface of the rice 
root tip.
The reduction of the oxidized inorganic components
of the soil is sequential when the soil is submerged.
Nitrate becomes unstable at +224 mV followed by iron at
+122 mV and sulfate is reduced to sulfide only when the
Eh falls to -150 mV (corrected to pH 7.0) (19,50,51). The
concentration of the reduced species varies inversely as
the redox potential. Consequently, in soils containing
++reducible iron, the Fe ion will be present when sulfate
is reduced to sulfide and the insoluble compound FeS (troi-
_ c
lite, aqueous solubility 7.2 X 10 " M at 18°) is presumed 
to precipitate. In field studies, free sulfide was re­
portedly absent in clay-loam high in iron containing 16 % 
organic matter and capable of producing 2000 ppm H^S (30).
Hydrated ferrous oxide, manganese dioxide, and nit­
rate are responsible for moderating the rate of reduction 
in submerged soils, although the latter is usually found 
in concentrations of 50 ppm or less (as N) and is rapid­
ly overwhelmed (50). The iron and manganese systems, how­
ever, tend to buffer the soil at an intermediate redox 
potential of +100 to +300 mV (51). Prolonged submersion 
is usually required for reduction of the large reserves 
of solid-phase iron compounds. During the non-rice-grow­
ing season the soil components are reoxidized by aeration, 
creating a cyclic oxidation-reduction of the paddy soils.
Reduction of both endogenous and applied sulfate is 
widely reported in paddy soils notwithstanding the miti­
gating effects of iron and other systems of more positive 
redox potential (71,72). This reduction is principally 
due to the metabolic activities of microorganisms whose 
major energy-yielding pathways are dependent upon the con­
version of sulfate to sulfide (56,57,67). Members of the 
genus Desulfovibrio (Beijerinck) Kluyver and van Niel are 
foremost among these organisms (2,8) although Clostridia 
(12) and Bacilli (9) may play minor roles. Although it 
is generally acknowledged that a low redox potential is 
required for microbial sulfate reduction, the reported
9
opi imn for H^S production by strict anaerobes vary from 
-7 5 to -200 mV (20,30,56).
Hydrogen sulfide is a widely recognized metabolic 
inhibitor and is the suspected toxicant in several physi­
ological disorders of rice around the world (32). Its 
toxicity is usually attributed to the ability to react
with metal ions in the structure of many enzymes. As lit-
-  5tie as 2.2 X 10 M (0.07 ppm) H 2S has been found to in­
hibit nutrient uptake by rice seedlings (45), but soil 
scientists share the view that in soils abundant in iron 
(such as Louisiana rice paddies) the presence of iron in 
the soil solution keeps the concentration of H2S below
_ g1 X 10 M (.00034 ppm) and that H 2S toxicity is possible 
only in iron-deficient soils (55).
Hollis, however, has disagreed with this view and has 
calculated values in or near the toxic range from the re­
action. H S FeS (32,33). It would seem that more accu- 2
rate predictions could be made, however, by accounting for 
other sulfide species and for redox potential as well as 
pH. Up to 10 ppm H2S has been detected in soil samples 
subjected to inert gas extraction but these values prob­
ably include some HjS desorbed from clay particles by the 
treatment (33). Up to 45 ppm total sulfides have been re-
ported in rice fields at the end of the growing season 
(61). Recent improvements in instrumentation, such as 
specific-ion electrodes, make possible now the determin­
ation of soil soluble sulfides _in situ (3).
The many reports that FeS is the black precipitate 
occurring on soil root surfaces in submerged soils are 
simple, non-critical assumptions based on previous reports 
and perpetuate the view that H^S is precipitated solely 
as FeS (18,19,32,34,49,51). The compound FeS2 (marcasite 
and pyrite) is less reduced than FeS and, therefore, 
should be precipitated first in a system which is decreas­
ing in redox potential. Fe^2 rePorte{3^y predominant
in marine sediments (38) but has not yet been identified 
in rice fields* It has, however, been prepared in the lab 
oratory by a reaction taking several months (6,7). The 
compound FeS2 should be considered in any thermodynamic 
treatment of the reduction process in cyclically submerged 
soils even though it may be metastable. Pourbaix (58) 
has presented a detailed development of the theory and 
practice of pH-oxidation potential relations. Ponnamper­
uma has thoroughly reviewed the reduction process in rice 
fields and has demonstrated that the soil is amenable to 
thermodynamic treatments (54,55). The contribution of
11
FeS^ has not, however, been considered in the rice liter­
ature.
Beggiatoa. The bacterial genus Beggiatoa Trevisan,
1842 is typical of the family Beggiatoaceae Migula, 1894 
and the order Beggiatoales Buchanan, 1955. The cells are 
motile but non-flagellated (gliding)t occurring in unat­
tached, segmented trichomes. The trichomes occur singly 
or in whitish, felted masses in which the trichomes retain 
their individuality (8). Except for a lack of chlorophyl, 
the morphology and motility of Beggiatoa is similar to 
that of Oscillatoria (a genus of blue-green algae) (17, 
59,79). Differentiation among the species of this genus 
is solely on the basis of cell width, a questionable cri­
terion (10,64). For this reason, no specific epithet is 
usually mentioned in connection with this genus,except in 
detailed taxonomic work.
The organism has been observed to deposit sulfur gran­
ules intracellularly in the presence of H^S (13,17,23,39, 
41,59,60,63,67), thus modifying its environment by ele­
vating the redox potential. It has been noted that Beggia­
toa grows best under conditions of intermediate oxygen 
tension and H^S concentration (10,23,63). Intracellular
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sulfur deposition appears to be the only feature disting­
uishing between the genera Beggiatoa {positive) and Vit- 
reoscilla (negative); some authorities question the sep­
aration of these genera (23,64,67). Pringsheim (59,60), 
Winogradsky (78,7 9) and Kiel (39) have reported autotrophic 
growth of this organism whereas more recent studies have 
indicated a heterotrophic nutrition for Beggiatoa with H^S 
oxidation as an energy-requiring detoxification mechanism 
(10,11,23,63,64,67).
It has long been observed that axenic cultures of 
Beggiatoa grow poorly on the surface of solid media and 
remain viable for only about one week (13,23,59,63). This 
condition is alleviated by addition of purified, undenat­
ured catalase to the medium or by growing mixed cultures 
with a catalase-positive organism (10). Peroxides have 
been detected in 6-day cultures of Beggiatoa and it is 
presumed that the organism is autointoxicated by this 
waste product under the artificial conditions of pure cul­
ture (10). The physiology and taxonomy of Beggiatoa have 
been reviewed by Starr and Skerman (67).
Catalase. Catalase (EC 1.11.1.6) denotes a group of
hemoprotein oxidoreductases which catalyze the general
13
reaction:
H 202 + A-O-OH ^ « 20 + A-OH + 02 (21,35).
Hydrogen peroxide or derivatives such as ethyl hydroper­
oxide may serve as substrate for catalase.
H 2°2 + H 2°2 H 2° + °2 (2l>77)
H 202 + CH3CH2-O-0H —  H 20 +- CH3CH2-OH + 0 2 (47).
The enzyme requires no "cofactors" or "activators" (16).
In spite of extensive data on various physical properties 
of catalase and its derivatives, no detailed mechanism 
has been proposed which would satisfy all data and account 
for the properties of the enzyme (44,77).
A similar group of enzymes, the peroxidases (EC 1.11.- 
1.7), catalyze the oxidation of a wide variety of compounds 
such as phenols, aromatic amines, and enediols (e.g. as­
corbic acid) by hydrogen peroxide (21,35,47). Catalase 
can also catalyze peroxidatic oxidation under certain con­














H _0_ 2 2 CH3CH2-OH - 2 H 20
_ ,  , CatalaseEthanol , . , t , .(peroxidative)
I- CH3CHO (40) . 
Acetaldehyde
The mechanism of the catalatic reaction has been pro­
posed to be similar to that of the peroxidatic reaction 
(47) which is as follows:
Ferriperoxidase 
(redox 3+)














Ferriperoxidase + AH* 
(redox 3+) (free radical)
Overall reaction: 2 AH^ + H 2©2 - 2 AH- + 2 H 20 (77).
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The free radicals produced may then undergo dimerization„ 
disproportionation, or further oxidation according to the 
properties of the particular compound involved (77).
2 AH* -• HA-AH (dimerization)
2 AH* -• A + AH^ (disproportionation)
AH* -* A + e + H+ (oxidation)
The iji vivo "function" of catalase has been variously 
believed to be a protective catalatic one (42), a peroxi- 
dative one (40), and a mixture of the two (14). The en­
zyme has been found in all organisms examined except some 
bacteria (Beggiatoa and many anaerobes). In the higher 
animals it is usually found in highest concentration in 
the liver and other organs where oxidative enzymes might 
be expected to give rise to peroxides and hydroperoxides. 
Catalase has been detected in high concentration within 
the root tissue of Orvza sativa (44) but excretion of this 
enzyme into the rhizosphere has not been reported to our 
knowledge.
The similarity of the structures of catalases from 
all sources suggests that it is an enzyme of great bio-
16
logical antiquity: to be so widespread it must have had 
some survival value (42). It may function to protect hem­
oglobin from oxidation in red blood cells (25,42). Coup­
ling of the peroxidative function of catalase with per­
oxide-producing systems has been demonstrated in vitro 
and proposed in vivo (31,40). Cases of hereditary acata- 
lasemia have, however, been reported in man with no de­
tectable metabolic defect (48). This evidence and the 
lack of any obvious role for the enzyme in complex organ­
isms indicates that this may be a "fossil enzyme". It 
would, however, be of great utility to an organism such 
as Beggiatoa which is autointoxicated by hydrogen peroxide.
Three general methods of catalase assay have been 
widely used: titrimetry, which consists of adding a 2°2
to the system, stopping the reaction with H^SO^, and tit­
rating with KMnO^; spectrophotometry, which involves di­
rect determination of the catalase molecule or H 2°2 
a purified system; and manometry, where volumes of oxygen 
evolved are measured (15,43). In soil systems, direct 
spectrophotometry is impossible because the enzyme is ad­
sorbed to soil particles (30) and manometry is restricted 
to soils of rather high activity and the use of large sam­
ples (6 2). A polarographic method has recently been de-
17
veloped for use in soil studies which is much more satis­
factory than the titrimetric method which formerly predom­
inated in the soil literature. This method is excellent 
for rhizosphere studies since soil samples as small as 1-0 
mg can provide reproducible results (62).
M E T H O D S
Construction of a wultiparameter diagram describing the 
interactions of an aqueous iron-sulfur system at low 
redox potential. By application of the Nernst equation
(77) and available thermodynamic data (26) (Table 2) the
Table 2. Standard free energies of formation of germane 
chemical species in paddy soils.
Species AF° (Kca1/mole)
++Fe -20. 3







following equation was derived:
18
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2Fe++ + H S + HS 4- S ^  FeS + FeS + 3H+ + 2e” (Eq 1).
Equation 1 relates the precipitated and dissolved species 
of iron and sulfur in a closed, aqueous system at equil­
ibrium at standard temperature and pressure and at Eh b e ­
low 0 volts. It describes the overall reaction taking 
place in the reduced system.
The standard free energy (AF°) of the forward react­
ion is found to be -37.2 Kcal/mole. The relation of AF° 
to the number of electrons (n) transferred per molecule 
of reactant:
2.306n
determines that the standard redox potential (Eq ) is 




Eh log (Eq 3)
n [reactants]
may be substituted with values from equation 1:
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[H+ ]3 [FeS] [FeS2J 
Eh = -.809 + .0297 log   (Eq 4)
[Fe+ + ]2 [H2S] [HS~] IS ]
where [A] = activity of A in moles/liter.
The activity of essentially insoluble precipitates 
may be considered to be unity (26)> therefore:
[h + ]3
Eh = -.809 + .0297 log   (Eq 5)
[Fe++]2 [H2S] [HS“ ] |S )
which may be rearranged;
Eh = -.809 + .0297 (3 log[H+] -2 log[Fe+ + ] - logf^S]
- log [HS~ ] - log [S ] (Eq 6),
The concentrations of the dissociation products of 
dissolved H 2S at equilibrium vary with the pH of the sol­
ution as described in the following equations:
H S HS” + H+ AF° = 9 . 5  (Eq 7)2 r
H S ^ S "  + 2H+ AF° - 28.5 (Eq 8).2 r
[products1Since AF * -1.364 I o c t  K . where K = r eq eq [reactants]
21
we have:
- log[HS~] = - log[H2S] + log[H+ ] + 7 . 0  (Eq 9)
and - log [S ] = - logics] + 2 log[H+ ] + 20.9 (Eq 10).
The values obtained for [HS ] and [S ] at equilib­
rium may be substituted into equation 5 and rearranged to 
produce the following equation in four variables:
Eh = + .014 - .177pH + .059pFe++ + .089pH2S (Eq 11)
where pA = - log [A].
Equation 11 generates a multiparameter diagram which 
graphically represents the relations among dissolved spe­
cies described by the foregoing equation (See Results). 
This model roughly simulates the iron-sulfur interactions 
going on in a submerged soil.
The determination of catalase-like activity in the rice 
rhizosphere. In common with accepted soil literature
(6 5) the term catalaee is used to describe any soil en­
zymatic activity which results in the decomposition of 
hydrogen peroxide to yield oxygen under the conditions
22
imposed. The exudation of catalase by rice roots (Saturn 
variety) was studied in three morn or less artificial sys­
tems :
A) Rice plants were grown in pots of about 30 cm dia­
meter and depth in the greenhouse. The soil was kept 
flooded with water after the rice had germinated and light 
was excluded from the soil with "kraft" paper to discour­
age the growth of algae in the water. The rice plants 
protruded through slits in the paper.
Each test consisted of four pots, three of which were 
planted with about 10 rice seeds in a central cluster and 
one of which was retained unplanted as a control.
The rhizosphere of each of the planted pots and a 
geometrically similar region of the controls was sampled 
biweekly with a cork borer of an inside diameter of 
about 0.25 cm. Samples were dried for 24 hrs at 40° in 
an air current. From each sample drawn from a pot, 5 
replicate subsamples were assayed. Thus, the experiment 
was of a completely randomized, nested design and the 
data were statistically analysed (69).
Detectable catalase activities in Crowley silt-loam, 
Kinder, and greenhouse soils were compared and soil sam—
23
pies taken on the final sampling date were plated on nut­
rient agar. Rice rhizosphere organisms capable of grow­
ing on nutrient agar were cultured for 48 hrs in nutrient 
broth and tested for catalase activity. The inactivation 
by H^S of natural soil catalase and purified catalase 
(Nutritional Biochemicals,Inc.) added to soil was studied 
by exposing samples to H^S and assaying polarographically 
both immediately after drawing moist samples and after 
air-drying.
B) Greenhouse soil was ground in a mortar to pass a 1.0 
mm sieve, saturated with water, and sterilized by auto- 
claving for 2 hrs at 132° (30 psig). Rice plants were 
grown in this soil in a growth chamber adjusted to pro­
vide a 14-hr day and 30° constant temperature. Other as­
pects of this study were similar to those in the green­
house experiment except that samples were drawn weeklyand 
were limited to one catalase assay per sample.
C) Rice seeds were surface-sterilized by soaking in 
0.1 M NaClO for 3 hrs followed by extensive aseptic 
rinsing with sterile water. The seeds were aseptically 
germinated in a moist chamber at room temperature (ca.23°).
24
Each of 30 seedlings was placed in 4.0 ml of filter-ster­
ilized Hoagland's nutrient solution (36) in a cotton- 
stoppered tube and grown for 10 days at room temperature. 
The plants were then removed and plated on nutrient agar 
in petri dishes.
The petri dishes were examined after one week for 
growth of contaminating organisms and the growth solut­
ions were tested for catalase activity. Controls consis­
ted of nutrient solution tubes with a rice seedling which 
had been treated in the same manner as the test seedlings^ 
but which was killed with propene oxide prior to place­
ment in the nutrient solution.
Catalase activity of soil samples was determined 
essentially by the method of Rodriguez-Kabana and Truelove 
(62) except for minor variations required by the partic­
ular type of polarography apparatus used. To the reaction 
vessel was added 3.9 ml of deionized water (ca. 2 X 10 
ohms resistance) and 0.2 g soil which had been lightly 
ground in a mortar to pass a 0.4 mm sieve. No buffer was 
considered necessary since soils tested at pH 6-7 were 
not excessively acid and the activity of catalase is not 
critically pH-dependent (16,43). The probe of a Beckman 
or Yellow Springs oxygraph (Clark-type electrode) was
25
inserted into the suspension and the system was equilib­
rated with air at 25° by stirring with a magnetic stirrer.
When a steady trace was recorded with a YSI model 80 
recorder, 0.1 ml of a 1.0% **2^2 so -̂ut^on was injected into 
the suspension. The activity of the sample was calculated 
on the basis that 4.0 ml of water saturated with air at 
25° and 760 mm pressure contains 0.896 Mmoles of O^- Ac­
tivity was reported as catalase units per gram of soil.
In the case of liquid samples, 3.9 ml of the liquid re­
placed the soi1-water mixture and results were reported 
as catalase units per sample. One catalase unit decomp­
oses one gmole of per minute at 25°, thus liberating
0.5 umoles of 0^*
An example of the conversion of an observation to a 
standard reported reading is: with the initial steady-
state oxygen trace set at 20.0% of full scale deflection 
and a chart speed of 30 in/hr, a reading of 41.2% after
1.0 min indicates a slope of 1.12 and the release of 1.00 
umole of 0^ per min (2.00 catalase units). With a sample  ̂
size of 0.2 g, a concentration of 10.0 units/g soil is 
reported.
26
Beggiatoa: isolation and identification. Initially,
isolation of Beggiatoa was attempted by the classic method 
of Cataldi (13). Numerous soil samples from rice fields 
near Crowley, Louisiana were incubated with dried, road­
side grass which had been repeatedly extracted with boil­
ing water to remove most of the nutrients. It has been 
pointed out (23) that this method selects for strains 
which are completely heterotrophic and may lack many of 
the characteristics of Beggiatoa. The Cataldi method was 
modified in several trials by varying the aeration of 
cultures and by adding various quantities of FeS and 
other reductants in an effort to produce an environment 
conducive to the successful competition of Beggiatoa. 
Beggiatoa-like organisms isolated by this technique were 
found to lack the ability to oxidize H^S and were identi­
fied as Vitreoscilla spp.
A method was devised which would select for motile 
organisms preferring low oxygen tension and the presence 
of catalase. To glass tubes, 16X150 cm, were added 10 ml 
of medium 1 (Table 3) and 25 g of soil from rice fields 
in the Crowley area. Most of the soil used was originally 
collected by Dr. J. P. Hollis as samples for nematode 
assay.
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Media were adjusted to pH 7.2 with sterile acetic acid 
after autoclaving. Fungal catalase (10 units/ml) and beef 
liver catalase (44,7 50 units/ml, sterile ampule) were from 
Nutritional Biochemicals, Inc., Cleveland, Ohio.
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Tubes were covered with Parafilm (American Can Co. ) to 
exclude oxygen and incubated at 28°. They were periodic­
ally examined for colonies suspected of being Beggiatoa 
over a 10 week period. Suspected colonies were removed 
by Pasteur pipette to tubes containing 15 ml of sterile 
water with 0.1 g/liter CaCl^ and observed. Trichomes of 
Beggiatoa glide across the agar surface leaving non-mo- 
tile organisms behind. This purification process was re­
peated one or more times after which the trichomes were 
transferred to medium 3 or 6 (Table 3). Repeated purifi­
cation of cultures was necessary to obtain axenicity.
Axenic cultures were submitted to Dr. J. M. Larkin 
(Dept, of Microbiology, L. S. U. ) for confirmatory 
identification. Oxidation of sulfide by the organism was 
determined by extracting cells grown in the presence of 
H 2S with pyridine (62) . Production of peroxide in medium 
2 (Table 3) was determined by lead sulfide, ferric ferri- 
cyanide, nickel oxide, and phenolphthalein "spot-tests" 
described by Feigl (24).
Interaction of Beggiatoa and rice roots. Pour glass
tubes, 30 X 6 cm, were half-filled with an aqueous mix­
ture containing 200 g rice field soil ( passed through a
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1.0 mm sieve) and J.O g agar per liter. These were auto- 
claved for 30 min at 121°. Tubes 1, 2, and 3 were planted 
with aseptically-germinated rice seedlings and all four 
received sufficient sterile tap water to produce a layer 
1 cm thick on the surface of the agar. Tube 4 was planted 
with rice seedlings killed with propene oxide (control). 
After 4 days, tubes 2, 3, and 4 were inoculated with 1 
ml of a suspension of Beggiatoa trichomes which had been 
grown for two days on medium 4 after a week's growth on 
medium 5 (Table 3). Tube 1 was a control and received 
no inoculum. During an 18-day period after planting, 
contents of the tubes were microscopically examined. At 
the end of this period, reisolation of the organism was 
attempted by a simplified version of the original technique.
R E S U L T S
The multiparameter diagram. The multiparameter dia­
gram (Fig. 1) relates [Fe+ + ], (H2S ] , pH, and Eh in an
aqueous system of iron and sulfur. The range of the dia­
gram is: 5 < p H < 7 ,  -0-3 V < Eh < 0.0 V, 1 ppm < [Fe+ + ] 
100 ppm, 0.00001 ppm K ~   ̂ ^ PPm ' a value *-s
assigned to any three of the parameters, then the fourth 
may be determined graphically by a line drawn through the
three known coordinates and the origin. If, for example,
++ -4it is desired to know the Eh when 10 ppm Fe and 1 X 10
ppm H2S are in equilibrium with their precipitates at pH 
6.0, a line is drawn from the origin point through the 
designated coordinates on the [Fe+ + J vs. tH 2®^ grid. The 
Eh value which is determined by the intersection of the 
constructed line and the pH 6.0 isopleth on the Eh vs- pH 
grid is the desired datum. Any equilibrium value may also 
be obtained from equation 11 ( See Methods), but concen­
trations must be expressed in molarity.
The equilibrium equation and the multiparameter dia­
gram predict that 0.07 ppm H^S (toxicity threshold) may 
occur at Eh, pH, and Fe++ conditions near those commonly
30
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found in Louisiana rice fields. For example: hydrogen
sulfide concentration is about 0.1 ppm when Eh -0.3 V,
++pH “■ 6, and [Fe J ^  25 ppm, or when Eh “■ -0.2 V, pH =“
5.5, and [Fe+ + ] <*■ 10 ppm.
Catalase.
A) The results of the greenhouse rhizosphere-sampling 
experiment (Table 4 and Fig. 2) indicated that in all 
cases, catalase activity was associated with the presence 
of rice plants. The differences between catalase levels
in rice-planted soil and in controls (without rice) was
highly significant (F = 5935.5 with 1 and 597 d.f.). All 
the aerobic organisms isolated from rice-planted soil at 
the termination of the experiment were found to be cata- 
lase-positive when grown in nutrient broth.
It was noted that catalase was reversibly inactivated 
by H ^ S , presumably by complexing with the iron in the 
ferriprotoporphyrin prosthetic group of the enzyme. Re­
activation was effected by air-drying or by addition of 
excess peroxide in the assay (Table 5).
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Pig. 2—  Catalase acti­
vities of soils from 
greenhouse experiment.
A) Soils planted with 
rice.
B) Unplanted control 
soils.
C) Differences between 
planted and unplanted 
soils.
•---• Crowley Silt Loam
O O Kinder Soil
a  A Greenhouse Soil
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Catalase Units per Gram of Soil**
Pot 1 Pot 2 Pot 3 Controlt
0 GHS 2.4 2.4 2.0 2.2
KS 1.0 0.8 0.9 0.8
CSL 5.1 4.8 5.2 5.2
15 GHS 6.3 6.2 6.5 3.0
KS 2.1 2.3 2.0 1.3
CSL 8.1 8.0 8.5 7.0
30 GHS 8.4 8.8 8.4 3.2
KS 6.8 6.9 6.8 2.0
CSL 12. 3 10.8 11. 2 6.8
45 GHS 8. 2 8.6 8.4 2.8
KS 7.0 7.2 7.4 2.0
CSL 12.4 12. 3 12.1 5.2
60 GHS 8. 5 8. 5 8.8 2.8
KS 7.5 7 . 8 7.6 2.1
CSL 13. 3 14. 1 13.8 4.6
75 GHS 8.6 8. 2 8.0 2.6
KS 7.8 7 . 5 7.5 1.8
CSL 14.0 13.8 13.8 4. 3
90 GHS 9. 0 8.8 8.6 2. 5
KS 7.4 7.8 7.6 1.8
CSL 14.0 13.6 13.2 4.0
105 GHS 8.7 8.7 8.7 2.3
KS 7.6 7.7 7.8 2.0
CSL 13.8 13.4 13.0 4.0
120 GHS 8.2 8.6 8.6 1.5
KS 5.0 4.8 6.1 1.5
CSL 12.7 14. 5 15.0 4.0
135 GHS 6.2 7.5 8.3 1.6
KS 1.0 2.0 1.6 1.5
CJL 16.1 16.7 14.3 3.8
* GHS = green house soil, KS = Kinder soil, CSL ~ Crowley 
silt loam.
** Average of 5 replicate determinations (See Methods). 
t Soil pots without rice plants.
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Table 5. Effects of H^S on catalase activity of soil 
preparations.
Oxygen Evolved (pi) After 
a Specified Time (seconds)
Treatment 15 30 60
Natural Soil, Wet 8 16 25
Natural Soil, Air-Dried 5 10 16
Natural Soil + H ^ S , Wet -5* 5 10
Natural Soil + H ^ S , Air-Dried 4 9 14
Heated Soil + Catalase, Wet 20 28 41
Heated Soil + Catalase, Air-Dried 12 22 36
Heated Soil + Catalase + H^S, Wet -6* -1* 9
Heated Soil + Catalase + H^S, Air- Dried 10 20 32
*The negative sign indicates oxygen uptake; additional 
WaS re<Iu ^red to demonstrate catalatic activity.
B) In the growth chamber experiment, the normal soil 
microflora was heat-inactivated and an artificial popu­
lation was introduced from the air and water. Lower 
rhizosphere-catalase levels were recorded in this experi­
ment (Table 6 and Fig. 3) than in the natural soil experi­
ment. Thus, some of the activity determined in the nat­
ural soil experiment may be attributed to the character-
Ui
Table 6. Catalase activities of autoclaved soils planted 
with rice and maintained in the growth chamber.
Days
Elapsed
Catalase Units per Gram of Soil
Pot 1 Pot 2 Pot 3 Avq. Control
0 2.4 2.2 2.3 2.2 2.3
7 3.5 3.7 3.7 3.6 2.5
14 4.9 4.6 4.8 4.8 2.8
21 5.5 5.5 5.4 5. 5 3.5
28 6.0 6.1 6.0 6.0 3.8
35 6.2 6.3 6.2 6.2 3.5
Pig. 3—  Catalase acti­
vities of soils from the 
growth chamber experiment.
 •---• Averages of rice-
planted soils.
o  o Unplanted control.
 *---* Differences between
planted and un­
planted soils.
0 7 14 2) 28 35











istic microflora of the rice rhizosphere or to an increase 
in catalase production by the rice root when stimulated 
by this characteristic microflora.
C) In the pure-culture experiment with rice in nutrient 
solution, approximately 30 %  of the seedlings were found 
to be contaminated with bacteria and data from these con­
taminated seedlings are not reported here. The great 
difficulty of complete disinfestation of seeds is well 
known; spore-forming bacteria such as Bacillus spp. are 
found on seeds and are frequently more resistant to toxic 
agents than the seeds themselves* Tubes which did not 
contain organisms capable of forming colonies on nutrient 
agar were considered contaminant-free for the purposes of 
this experiment.
The data (Table 7} demonstrate conclusively that 
catalase activity in the medium may be associated with 
the presence of rice roots and is not dependent on the 
presence of microorganisms.
Beggiatoa. Many organisms isolated from paddy soil by
the method of Cataldi (13) were morphologically similar 
to Beggiatoa * but were classified as Vitreoscilla due to
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Table 7. Catalase activities of uncontaminated rice seed­
lings in nutrient solution after 10 days growth.





















their inability to oxidize H^S. Some of the isolates ob 
tained by the acetate medium technique were, however, 
found to deposit sulfur granules intracellularly when 
grown in the presence of H^S and to produce H2®2* ,̂'ieY 
were unable to grow on nutrient agar and their growth on 
acetate media was enhanced by the addition of catalase. 
They were identified as Beggiatoa on the basis of morph­
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ology and on the basis of these physiological character­
istics. This identification was confirmed by Dr. J. M. 
Larkin, Department of Microbiology, Louisiana State Uni­
versity.
Beggiatoa-rice root interactions. In the gnotobiotic
rice-Beggiatoa experiment, the organism was reisolated 
from tubes 2 and 3 only. Beggiatoa was not observed in 
tube 1, which was uninoculated, nor in tube 4, which was 
planted with propene oxide-killed seedlings. During the 
course of the experiment, water samples aseptically drawn 
from tubes 2 and 3 were found by microscopic observation 
to contain actively motile trichomes of Beggiatoa. No 
motile trichomes were observed in tube 4 at the end of 
the 12th day. Thus, it was concluded that the survival 
of Beggiatoa was favored by the presence of growing rice 
plants.
D I S C U S S I O N  
Ponnamperuma (54) has presented detailed stability 
diagrams over a wide range of Eh and pH conditions for 
ionic species active in submerged soils. The Eh of Louis­
iana rice fields, however, is always negative after a short 
period of submersion, but an Eh of less than -300 mV is 
very rarely recorded (3). Likewise, a pH outside the range 
5 to 7 is rare. Ponnamperuma's calculations (55) and the
findings of others have indicated that the ferrous ion 
++(Pe ) is not bound by carbonate, oxide, hydroxide, or 
nitrogen derivatives in this range and is, therefore, free 
to react with anions such as sulfide, which are produced 
abundantly in submerged soils, to form stable iron precip­
itates. It is for this reason that we have restricted our 
study to the dissolved species Fe++, H^S, HS ( s , and 
H+ and the precipitates PeS and FeS2-
The sulfide anion and its hydrogen-bound forms,which 
are pH-dependent, are certainly the most prevalent anionic 
forms in rice fields. Iron, however, is analogous to cat- 
ions such as Mn which can react similarly with sulfide 
and are present in paddy soils in sufficient quantities to
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lessen the predictive value of pure iron-sulfur aqueous 
equilibria. Treatment of such complex systems is beyond 
the scope of this study and could probably be investigated 
efficiently by computer analysis.
In the past, FeS_ has not been considered in aqueous 
sulfide equilibrium studies since it does not precipitate 
readily in iron solutions as does FeS. There is no reason 
to suspect, however, that it is not metastable, exerting 
its influence on the system without precipitating (26).
At true equilibrium conditions, FeS^ should form in pre­
ference to FeS at moderately negative Eh values, but it 
has been reported that months of incubation are required 
before FeS2 is detectable in aqueous iron-sulfur systems 
(6,7). The prevalence of FeS_ in paleontologieslly-recent 
marine sediments (38), which have surely had time to come 
to equilibrium, supports our equilibrium prediction. The 
presentation of thermodynamic equations as a multipara­
meter diagram has more value as a predictive tool than 
the conventional stability diagram-type representation of 
an equilibrium Bystem. Lines on the stability diagram 
simply indicate the conditions at which concentrations of 
reactant species are equal. In the multiparameter dia­
gram presented in this dissertation, specific concentra-
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tions of reactants at equilibrium can be determined under 
specified conditions. Stability diagrams may be prepared 
for any given set of conditions but the multiparameter 
diagram allows the selection of continuously varied val­
ues in a range determined only by physical limitations of 
construction.
Soluble (toxic) sulfide predictions made by our cal­
culations are slightly higher than those made on the basis 
of PeS alone (3) but are still not as high as those found 
in the field. Heterogeneity of the paddy soil and its ra­
pid changes which can be mediated by living organisms im­
pose the principal limitations on theoretical treatments 
of a highly dynamic soil system considered as a closely 
defined, equilibrium system of inorganic ions. The re­
finements made in this study are significant, but larger 
inputs of data will be necessary to improve the predictive 
capability of thermodynamic analyses such as the one pre­
sented in this dissertation.
Rice field soils have been reported to contain con­
centrations of soluble sulfides as much as 100 times the 
threshold toxicity level with no demonstrable effect on 
rice plants (32). If sulfide toxicity is present in Lou­
isiana rice, it is manifested only as a reduced grain yield.
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The exudation of oxygen by the rice root has been shown 
to create a relatively oxidized rhizosphere during the 
early growing season (46) but the demonstrable deposition 
of sulfide precipitates directly on the rhizoplane after 
40 days of submersion is thought to indicate an overwhelm­
ing of the root's reserve oxidative capacity (32,34).
When the surface of the rice root is covered with sulfide, 
other systems may operate to mitigate the toxic effects 
of soluble sulfides which are necessarily in equilibrium 
with these precipitates.
The discovery of a biological system existing in har­
mony with both the antagonistic systems of rice (aerobic) 
and sulfide-producing bacteria (anaerobic) would provide 
at least a partial explanation of the rice root's excep­
tional tolerance to sulfide toxicity in the field as op­
posed to its known sensitivity under controlled condit­
ions (45). Beggiatoa. a delicate, filamentous bacterium, 
has known biological capabilities which make it a candi­
date for habitation of the rice rhizosphere (10,23,39,41, 
60,63,64,67,78). The organism is relatively rare and com­
petes very poorly in most environments. It is not amen­
able to detection by standard soil survey techniques such 
as Warcup’s method or soil dilution plating, as it will
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not grow on rich media and does not appear as discrete 
colonies when spread in mixed culture. It does, however, 
have a strong requirement for an external supply of cata- 
lase. Exploration of this particular aspect of the rice 
rhizosphere ecosystem was, therefore, made by both direct 
and indirect methods.
It was known that catalase is produced in high con­
centrations in rice root tissues (44); its exudation in­
to the rhizosphere was unequivocally demonstrated. It 
also is apparent from the data presented that the rice 
rhizosphere is highly conducive to the growth of facul­
tative anaerobes which exude catalase, adding to the con­
centration of this enzyme in field situations. Many bac­
teria isolated from the rice rhizosphere are known to oxi­
dize sulfide to sulfur but this action results in their 
demise (64). Such a suicidal action is evolutionarily 
favorable only in that it may allow a few organisms to 
survive the death of the majority of individuals. Beggia­
toa, however, was isolated from the rice rhizosphere and 
is widely reported (39,41,59,60) to oxidize H^S without 
autolethality.
The exudation of hydrogen peroxide and concomitant 
catalase requirement of Beggiatoa (10) as well as the
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capability of rice rhizosphere isolates of this organism 
to produce intracellular sulfur granules in the presence 
of H2S were confirmed. Apparently, Beggiatoa may success­
fully compete with other microorganisms in the highly 
specialized environment of the rice rhizosphere. Although 
Beggiatoa may be highly active .in situ, it is not expected 
that frequent isolations will result from the use of the 
technique presented in this dissertation. It required a 
year of work with innumerable soil samples to obtain an 
axenic culture of the organism. Manipulative procedures 
are tedious and the organism is totally unsuited to com­
petition with other organisms in the artificial environ­
ments thusfar imposed.
Zn this dissertation, a synthesis of known facts and 
new evidence has been achieved to suggest a well defined 
ecosystem peculiar to rice fields submersed under water 
which may explain the ability of rice to exist in the pre­
sence of toxic concentrations of soluble sulfides. In the 
submerged soil, anaerobic organisms metabolize organic mat 
ter releasing large quantities of soluble sulfides (7,9, 
18,56,57) which are highly toxic to rice roots (45) and 
to most aerobic organisms (21,66). The rice root exudes 
oxygen which creates an oxidized rhizosphere in the early
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part of the growing season (46). The rice root exudes 
catalase and stimulates, on its surface, the growth of 
catalase-positive, facultative organisms. After long sub­
mersion, the reserve oxidizing power of the rice root it» 
overwhelmed by large quantities of sulfides in the soil 
and insoluble ferrous sulfides precipitate on the rice 
root surface (32,34,35). Soluble sulfides in equilibrium 
with stable and metastable, insoluble sulfides are thermo­
dynamically predicted to exist in the range of toxicity 
to rice roots. Filamentous bacteria of the genus Beggiatoa. 
which have the capability to oxidize H 2S to sulfur, are 
present in the rice rhizosphere and are dependent on the 
rice root for catalase which is required to prevent auto­
intoxication by hydrogen peroxide. Thus, the rice root 
and Beggiatoa comprise a mutually protective system.
Other possible explanations exist for the detoxifi­
cation or sequestering of soluble sulfides. It is likely 
that, in addition to the biological interactions described 
in this dissertation, clay sorption of sulfides is an im­
portant factor (A. I. Allam., pers. comm.). Rice has char­
acteristics in common with other aquatic plants (46) which 
suggest that ecosystems similar to the one elucidated for 
rice may be common to many species. We suspect, there-
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fore, that since Beggiatoa has been isolated from many 
sulfide-containing environments (67), it may be an import­
ant detoxification agent in the rhizosphere of aquatic 
plants inhabiting other submersed environments^ such as 
swamps and marshes, which are characterized by low levels 
of soluble sulfides.
S U M M A R Y
Certain aspects of the chemistry and microbiology of 
Louisiana rice plant-soil relations were studied by theo­
retical and empirical means. The elements and mechanism 
of a specialized ecosystem relating to aquatic plants in 
water-submersed soils were described.
1. A multiparameter diagram was presented which relates 
the continuously - variable parameters pH, Eh, [Fe++J, and 
[H^S] in a reduced, aqueous system.
2. Theoretical studies based on thermodynamic data showed 
that levels of hydrogen sulfide known to be toxic to rice 
could exist in equilibrium with precipitated sulfides un­
der simulated rice-field conditions.
3. Catalase-like activity of soils planted with rice was 
shown to be greater than that of unplanted soils in both 
natural and autoclaved soil experiments.
4. Hydrogen sulfide was found to reversibly inactivate 
natural soil catalase and purified, commercial catalase 
added to autoclaved soil.
5. Soil catalase inactivated by exposure to H^S was re-
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activated by air drying or by addition of excess hydrogen 
peroxide.
6. Catalase exudation by rice roots was demonstrated un­
der gnotobiotic conditions.
7. The bacteria which were isolated from rice roots after 
over 100 days of continuous flooding were found to be cat- 
alase-positive.
8. Flexibacteria which were unable to oxidize H^S to sul­
fur were isolated from the rice rhizosphere by the method 
of Cataldi (13); these organisms were identified as Vit- 
reoscilla spp.
9. Flexibacteria of the genus Beggiatoa were isolated 
from rice-field soil.
10. Isolates of Beggiatoa were found, by pyridine extrac­
tion of cells, to deposit sulfur when incubated in the pre­
sence of H^S.
11. Beggiatoa isolates were found, by spot tests, to pro­
duce hydrogen peroxide in culture and growth of these iso­
lates was stimulated by the addition of catalase to the 
culture medium.
12. The survival of Beggiatoa in a soil-agar medium was 
facilitated by inclusion of gnotobiotically-germinated 
rice plants to the system.
50
The isolation of Beggiatoa from rice fields, the dem­
onstration of catalase exudation by rice roots, and the 
thermodynamically-supported prediction that toxic concen­
trations of hydrogen sulfide can exist in equilibrium with 
precipitated sulfides in an aqueous system allow the des­
cription of a heretofore unrecognized ecological inter­
action in the rice rhizosphere.
13. It is proposed that Beggiatoa may be involved in a 
relationship existing between the sulfide-producing anaer­
obes and the sulfide-sensitive rice root in water-submersed 
rice-field soils. Toxic peroxides produced by Beggiatoa 
are decomposed by rice-root catalase and sulfides toxic 
to the rice root are oxidized by Beggiatoa.
L I T E R A T U R E  C I T E D
1. Aimi, R. 1960. Cell physiological study on the func­
tion of root action. IV. Active oxygen supply 
into the root from leaves in rice plants. Crop. 
Sci. Soc. Japan, Proc. 29(1):51-54.
2. Alexander, M. 1961. Introduction to soil microbio­
logy. John Wiley and Sons, Inc. New York. 472 p,
3. Allam, A. I., G. Pitts, and J. P. Hollis. 1971. Sol­
uble sulfide levels in submerged soils. Submitted 
for publication.
4. Baba, I., K. Inada, and K. Tajima. 1964. Mineral
nutrition and the occurrence of physiological dis­
eases, p. 173-195. In The mineral nutrition of 
the rice plant. Symp. Intern. Rice Res. Inst.,
Los Banos, Philippines. Johns Hopkins Press, 
Baltimore. 494 p.
5. Barber, D. A . , M. Ebert, and N. T. S. Evans. 1962.
The movement of lsO through barley and rice 
plants. J. Expt. Botany 13(39):397-403.
6. Berner, R. A. 1964. Iron Sulfides formed from
aqueous solutions at low temperatures and 
atmospheric pressure. J. Geol. 72:293-206.
7. Bloomfield, C. 1969. Sulfate reduction in water­
logged soils. J. Soil Sci. 20:207-221.
8. Breed, R. S., E. D. G. Murray, and N. R. Smith. 1957.
Bergey's manual of determinative bacteriology.
7th ed. Williams and Wilkins Co., Baltimore.
1094 p.
9. Bromfield, S. M. 1953. Sulfate reduction in














Burton, S. D., and R. Y. Morita. 1964. Effect of 
catalase and cultural conditions on growth of 
Beggiatoa. J. Bacteriol. 88:1755-1761.
Burton, S. D., R. Y. Morita, and W. Miller. 1965. 
Utilization of acetate by Beggiatoa. J.
Bacteriol. 91:1192-1200.
Campbell, L. L., H. A. Frank, and E. R. Hall. 1956.
Studies on thermophilic sulfate-reducing bacteria. 
I. Identification of Sporovibrio desulfuricans 
as Clostridium nitrificans. J. Bacteriol.
73:516-521.
Cataldi, M. S. 1940. Aislamiento de Beggiatoa alba 
en cultivo puro. Cer. I ”5t. Bacteriology Dept. 
Nacl. Hig. (Buenos Aires). 9:393-423. ^n E.
G. Pringsheim, 1949. The relationship between 
bacteria and myxophyceae. Bacteriol. Rev. 
13:47-98.
Chance, B. 1950. On the reactions of catalase 
peroxides with acceptors. J. Biol. Chem- 
182: 649-658.
Chance, B., and A. C. Maehly. 1955. Assay of cata- 
lases and peroxidases, p. 764-77 5. In S. P. 
Colwick and N. O. Kaplan [eds.] Methods in Enzym- 
ology, vol. 2. Academic Press, New York. 987 p.
Chance, B., and A. C. Maehly. 1961. Catalases,
p. 383-384. .In C. Long [ed. ] Biochemists hand­
book. E. and F. N. Spon Ltd., London. 1192 p.
Cohn, F. 1875. Untersuchungen uber Bakterien II. 
Beitr. Biol. Pflanzen 1:141-207.
Connell, W. E. 1966. The reduction of sulfate to
sulfide under anaerobic conditions. M. S. Thesis; 
Louisiana State University.
Connell, W. E., and W. H. Patrick, Jr. 1966.
Sulfate reduction in soil: Effects of redox












Connell, W. E. , and W. H. Patrick, Jr. 1969. Red­
uction of sulfate to sulfide in waterlogged soil. 
Soil Sci. Soc- Amer., Proc. 33i711-715.
Dixon, M . , and E. C. Webb. 1964. Enzymes. 2nd ed. 
Academic Press. New York. 950 p.
Evans, D. D. , and A. D. Scott. 1955. A polarograph- 
ic method of measuring dissolved oxygen in sat­
urated soil. Soil Sci. Soc. Amer., Proc. 19: 
12-16.
Faust, L . , and R. S. Wolfe. 1961. Enrichment and 
cultivation of Beogiatoa alba. J. Bacteriol. 
81:99-106.
Feigl, F. 1954. Spot tests; Vol. 1. Inorganic appli­
cations. 4th ed. Elsevier Pub. Co., New York.
518 p.
Foulkes, E. C . , and R. Lemberg. 1950. The formation 
of choleglobin and the role of catalase in the 
erythrocyte. Proc. Roy. Soc., London. B. 136: 
435-448.
Garrels, R. M . , and C. L. Christ. 1965. Solutions, 
minerals, and equilibria. Harper and Row, New 
York. 450 p.
Garrett, S. C. D. 1956. Biology of the root infect­
ing fungi. Cambridge University Press. 293 p.
Goto, Y . , and K. Tai. 1957. On the differences of 
oxidizing power of paddy rice seedling roots 
among some varieties. Soil and Plant Food. 2(4): 
198-200.
Grote, A. 1934. Der Saurstoff hausalt der Seen.
Die Binnengewasser, 14. E. Schweizerbartsche 












Harter, R. P., and E. O. McLean. 1965. The effect 
of moisture level and incubation time on the 
chemical equilibria of a Toledo clay loam soil. 
Agron. J. 57:583-588.
Heppel, L. A., and V. T. Porterfield. 1949. Meta­
bolism of inorganic nitrite and nitrate esters.
I. The coupled oxidation of nitrate by peroxide- 
forming systems and catalase. J. Biol. Chem. 
178:549-556.
Hollis, J. P. 1967. Toxicant Diseases of Rice. 
Louisiana Agr. Exp. Sta. Bui. 614. 24 p.
Hollis, J. P. 1967. Soluble sulfide and iron in rice 
soils (Abs.) Phytopathology 57:461.
Hollis, J. P. 1967. Some new facts about soil dis­
eases of rice. Louisiana Agric. 10:8.
International Union of Biochemistry. 1961. Inter­
national Union of Biochemistry Symposium Series. 
Vol. 20. Report of the Commission on Enzymes. 
Pergamon Press, Oxford. 159 p.
John, c. M., P. R. Stout, T. c. Boyer, and A. B.
Carlton. 1957. Comparative chlorine require­
ments of different plant species. Plant and 
Soil 8:337-353.
Juliano, J. B., and M. J. Aldama. 1937. Morphology 
of Oryza sativa L. Philippine Agriculturist 26 
{1) 1-76.
Kaplan, I. R., K. 0. Emerg, and S. C. Rittenberg.
1963. The distribution and isotopic abundance 
of sulfur off Southern California. Geochim. et 
Cosmoch im. Ac ta. 27:197-3 31.
Keil, P. 1912. Beitrage zur Physiologie der 












Keilin, D. , and E. F. Hartree. 1945. Properties of 
catalase. Catalysis of coupled oxidation of 
alcohols. Biochein. J. 39 (4):293-301.
Kowallik, U., and E. C. Pringsheim. 1966. The
oxidation of hydrogen sulfide by Beggiatoa. Am.
J. Bot. 53 (8):801-806.
Lemberg, R., and J. W. Legge. 1949. Haematin com­
pounds and bile pigments; their constitution, 
metabolism and function. Interscience, New 
York. 748 p.
Maehly, A. C., and B. Chance. 1954. The assay of 
catalases and peroxidases, p. 357-425. In D.
Glick [ed.J Methods of biochemical analysis, vol. 
I. Interscience, New York. 470 p.
Mitsui, S. 1964. Dynamic aspects of nutrient uptake, 
p. 53-62. Ill The mineral nutrition of the rice 
plant. Symp. Intern. Rice Res. Inst., Los Baftos, 
Philippines. Johns Hopkins Press, Baltimore.
494 p.
Mitsui, S., S. Aso, and K. Kumazawa. 1951. Dynamic 
studies on the nutrients uptake by crop plants 
(part 1). The nutrients uptake of rice root as 
influenced by hydrogen sulfide. J. Sci. Soil 
Manure, Japan 22(l):46-52.
Mitsui, S. 1964. Inorganic nutrition, fertili­
zation, and soil amelioration for lowland rice. 
Yokendo Pub. Co. Ltd., Tokyo. 107 p.
Nicholls, P., and G. R. Schoribaum. 1963. Catalases, 
p. 147-226. .In P. D. Boyer, H. Lardy, and K. 
Myrback [eds.) The enzymes, vol. 8, 2nd ed. Aca­
demic Press, New York. 484 p.
Nishimura, E. T., H. B. Hamilton, T. Y. Kobara, S. 
Takahara, Y. Ogura, and K. Doi. 1959. Carrier 











Park, Y. D., and A. Tanaka. 1968. Studies of the 
rice plant on an "akiochi" soil in Korea. Soil 
Sci. Plant Nutrition 14:27-34.
Patrick, W. H . , Jr. 1960. Nitrate reduction rates 
in a submerged soil as affected by redox poten­
tial. Proc. 7th Intern. Cong. Soil Sci. 2:494- 
500.
Patrick, W. H . , Jr. 1964. Extractable iron and
phosphorus in a submerged soil at controlled red­
ox potentials. Proc. 8th Intern. Cong. Soil 
Sci. 4:605-609.
Patrick, W. H . , Jr. 1966. Apparatus for control­
ling the oxidation-reduction potential of water­
logged soils. Nature 212:1278-1279.
Pitts, G., A. I. Allam, and J. P. Hollis. 1971.
Aqueous iron-sulfur systems in rice field soils 
of Louisiana. Submitted for publication.
Ponnamperuma, F. N. 1964. Review of the symposium
on the mineral nutrition of the rice plant, p. 
461-482. Iji The mineral nutrition of the rice 
plant. Symp. Intern. Rice Res. Inst., Los Bafios, 
Philippines. Johns Hopkins Press, Baltimore.
494 p.
Ponnamperuma, F. N. 1964. Dynamic aspects of flooded
soils and the nutrition of the rice plant, p. 295- 
328. ^n The mineral nutrition of the rice plant. 
Symp. Intern. Rice Res. Inst., Los Batfos, Phil­
ippines. Johns Hopkins Press, Baltimore. 494 p.
Postgate, J. R. 1959. Sulfate reduction in bacteria. 
Ann. Rev. Microbiol. 13:505-520.
Postgate, J. R. 1965. Recent advances in the study 













Pourbaix, M. J. N. 1949. Thermodynamics of dilute 
aqueous solutions, with applications to electro­
chemistry and corrosion. E. Arnold, London.
136 p .
Pringsheim, E. G. 1949. The relationship between
bacteria and myxophyceae. Bacteriol. Rev. 13: 
47-98.
Pringsheim, E. G. 1964. Heterotrophism and species
concepts in Beggiatoa. Am. J. Bot. 51:898:913.
Rodriguez-Kabana, R. 1965. Chemical antibiosis to
nematodes in rice fields. Dissertation. Louisi­
ana State University. 101 p.
Rodriguez-Kabana, R., and B. Truelove. 1971. The 
determination of soil catalase activity. 
Enzymologia 39{4):217-236.
Scotten, H. L., and J. L. Stokes. 1962. Isolation 
and properties of Beggiatoa. Arch. Mikrobiol.
42:353-368.
Skerman, V. B. D. 1967. A guide to the identifi­
cation of the genera of bacteria, with methods
and digests of generic characteristics. 2nd. 
ed. Williams and Wilkins Co., Baltimore, 303 p.
Skujins, J. J. 1967. Enzymes in soil research,
p. 371-414. In A. D. McLaren and G. H. Peterson 
[eds.] Soil biochemistry. Marcel Dekker, New 
York. 509 p.
Starkey, R. L. 1950- Relations of microorganisms 
to transformations of sulfur in soils. Soil 
Sci. 70:55-56.
Starr, M. P., and V. B. D. Skerman. 1965. Bacterial 
diversity: The natural history of selected












Stecher, P. G. (ed.) 1968. The Merck Index. 8th.
ed. Merck and Co., Inc., Rahway, New Jersey.
1713 p.
Steel, G. D., and J. H. Torrie. 1960. Principles
and procedures of statistics with special refer­
ence to the biological sciences. McGraw-Hill 
Book Co*, New York. 481 p.
Sturgis, M. B. 1936. Changes in the oxidation-red­
uction equilibrium in soils as related to physi­
cal properties of the soil and the growth of 
rice. La. Agr. Exp. Sta. Bui. 271. 37 p.
Takai, Y. , T. Koyama, and T. Kamura. 1956. Micro­
bial metabolism in reduction processes of paddy 
soils (Part I). Soil and Plant Food 2:63-66.
Takai, Y. , T. Koyama, and T. Kamura. 1964. Micro­
bial metabolism in reduction processes of paddy
soils (Part III). Soil Sci. and Plant Nutrit­
ion 9:207-211.
Takigima, Y. 1965. Studies on the mechanism of root 
damage of rice plants in the peat paddy fields. 
(Part 2): Status of roots in the rhizosphere
and the occurrence of root damage. Soil Sci. and 
Plant Nutrition 11:20-27.
Tauber, H. 1953. Oxidation of pyrogallol to purpuro- 
gallin by crystalline catalase. J. Biol. Chem. 
205:395-400.
Van Raalte, M. H. 1941. On the oxygen supply of
rice roots. Ann. Bot. Gard. Buitenzorg. 51:43- 
57. ^n: S. Mitsui. 1964. Inorganic nutrition,
fertilization, and soil amelioration for lowland 
rice. Yokendo Pub. Co. Ltd., Tokyo. 107 p.
Van Raalte, M. H. 1944. On the oxidation of the en­
vironment by the root of rice (Oryza sativa L.). 
Ann. Bot. Gard. Buitenzorg. Hors serie:15-34.
In : S. Mitsui. 1964. Inorganic nutrition, fert­
ilization, and soil amelioration for lowland rice. 
Yokendo Pub. Co. Ltd., Tokyo. 107 p.
West, E. S., W. R. Todd, H. S. Mason, and J. T. Van 
Bruggen. 1967. Textbook of biochemistry. 4th 
ed. MacMillan, New York. 1595 p.
Winogradsky, S. 1888. Beitrage zur Morphologie und 
Physiologie der Bakterien. I. Zur Morphologie 
und Physiologie der Schwefelbakterien. Botan. 
Zeitung 46:261-270.
Winogradsky, S. 1949. Microbiologie du sol; prob- 
1ernes et methodes, cinquant ans de recherches. 
Masson et Cie, Paris. 861 p.
V I T A
Robert Gary Pitts, son of Robert Giles and Ruby (Min- 
iard) Pitts, was born in Auburn, Alabama on August 17, 1945. 
He was married to Sherry Dianne Douglas on December 16,
1967. His education in the schools of Auburn, Alabama cul­
minated in his receiving the Master of Science degree from 
the Department of Botany and Plant Pathology (now: Depart­
ment of Botany and Microbiology), Auburn University, in 
June, 1969. He is a candidate for the Doctor of Philosophy 
degree in the Department of Plant Pathology, Louisiana State 
University and Agricultural and Mechanical College, in May, 
1971.
60
Explorations in the Chemistry and Microbiology of 
Louisiana Rice Plant-Soil Relations
(D Copyright, Robert Gary Pitts, May 11, 1971
All Rights Reserved
This dissertation was prepared under the terms of 
National Science Foundation grant GB-8653. The Nat­
ional Science Foundation is specifically authorized 
to reproduce and use this material according to the 
terms of the grant agreement. Further specific as­
signment of copyright may be obtained from the author*
Dr. R. Gary Pitts 
724 S. College St. 
Auburn, Alabama 36830
E X A M I N A T I O N  A N D  T H E S I S  R E P O R T
Candidate: Robert Gary Pitts
r- u Plant Pathology Major frield:
Title of Thesis: Explorations in the Chemistry and Microbiology of 
Louisiana Rice Plant-Soil Relations
Approved:
ajur Professor and C hairm an
l>ean of the Graduate Sehool
EXAMINING COMMITTEE:
m
s J
Date of Examination:
